Introduction
============

*Porphyromonas gingivalis* is a Gram-negative oral anaerobe related tightly to periodontitis, which is featured by chronic inflammatory reaction and periodontal tissue destruction [@B1]. Moreover, *P. gingivalis* is frequently detected on the periapical root surfaces in apical periodontitis [@B2], [@B3]. Cementoblasts, which are root surface lining cells that share similar characteristics with osteoblasts and coordinate with ambient tissues [@B4], have limited functions in healthy states but are highly responsive to *P. gingivalis* lipopolysaccharide (LPS) [@B5], [@B6]. In this regard, investigations into how *P. gingivalis* impacts on cementoblast functions and the possible involvement of other molecules are indispensable.

CXXC‐type zinc finger protein 5 (CXXC5) is a nuclear protein and functions as a transcription modulator by specific binding with DNA via its CXXC-type zinc-finger domain. This protein is involved in diversified cellular and histological development, including myelopoiesis [@B7], angiogenesis [@B8], osteogenesis [@B9], cardiogenesis [@B10], and skeletal myogenesis [@B11]. Moreover, CXXC5 has regulatory functions in a wide range of diseases, such as cutaneous wounds [@B12], hair loss [@B13], acute myeloid leukemia [@B14], and hepatocellular carcinoma [@B15]. The CXXC5 protein has been recognized as a vital coordinator and mediator of Wnt, TGF-β, BMP, and ATM/p53 pathways [@B16]. Thus, we wonder whether CXXC5 is related to cementogenesis, a process highly resembles osteogenesis, and the latent molecular mechanisms.

Canonical Wnt/β-catenin is the most widely studied signaling in cementoblasts; in general, it suppresses cementoblast differentiation but facilitates proliferation [@B17]. Mitogen-activated protein kinases (MAPKs), including extracellular signal-regulated kinase (Erk) 1/2, p38, and c-Jun N-terminal kinase (JNK), which mediate various cellular programs, are universally vital for numerous cell types during development [@B18]. In contrast to Wnt signaling, the role MAPK signaling plays in cementoblasts is obscure, and whether Erk1/2, p38 and JNK exhibit a synergistic effect is also controversial [@B19]-[@B21]. In view of this, scholars need further investigations of MAPKs to broaden our understandings.

Our research aims to clarify the impact of *P. gingivalis* on cementoblast differentiation, the possible involvement of CXXC5 in the process, and the underlying mechanisms. The present paper first verified that CXXC5 attenuates *P. gingivalis*-suppressed cementoblast functions, during which Erk1/2, p38, JNK, PI3K-Akt, and Wnt/β-catenin signaling take effect. Herein, these results indicated CXXC5 may contribute to remodeling of damaged cementum caused by *P. gingivalis* invasion.

Materials and Methods
=====================

Cell Culture and Bacteria Culture
---------------------------------

OCCM-30, a murine cementoblast cell line kindly offered by Dr. M.J. Somerman, was maintained in DMEM (Hyclone) plus 10% fetal bovine serum (FBS; Every Green) under humidified conditions (5% CO~2~ at 37 ℃) [@B22]. Osteogenic induction medium (OIM) containing 5% FBS, 50 μg/mL ascorbic acid (Sigma), and 10 nM Naβ-glycerophosphate (Sigma) was switched to induce osteogenic differentiation.

*P. gingivalis* (standard strain ATCC 33277) was cultured at 37 ℃ in anaerobic incubators (80% N~2~, 10% H~2~, and 10% CO~2~), nourished by trypticase soy broth (TSB) with 0.1% yeast extracts, 1 μg/mL menadione, and 5 μg/mL hemin (pH 7.46). The bacteria were inoculated from TSB blood agar plates into the liquid medium and went into log phase. A spectrophotometer was applied to determine the concentration at 600 nm (OD 1 equals 10^9^ *P. gingivalis* /ml) [@B23]. The liquid was centrifuged at low speed, and *P. gingivalis* was resuspended in OCCM-30 growth medium.

Animals and Periapical-lesion Induction
---------------------------------------

Male C57BL/6 mice were employed, and periapical lesions were induced as previously described [@B24], approved by the Ethics Committee of School and Hospital of Stomatology, Wuhan University. 8-week-old mice were anesthetized, permitting straight sight of mandibular first molars. The pulp chambers were unfolded by a No. 1/4 fissure bur until the root canal orifices were clearly seen under a stereomicroscope. The exposed molars were infected with *P. gingivalis* in 2% carboxymethylcellulose vehicle or not and left open for 14 days (n = six mice per group). No surgical interventions were done on the right first molars of the mice without *P. gingivalis* treatment, which were used as the healthy control.

SiRNA Interference, Plasmid Construction, and Transient Transduction
--------------------------------------------------------------------

OCCM-30 cells were inoculated in six-well plates and transiently transfected with si-Cxxc5 (5\'-ACA UCU CCA CGU CCC UAG UTT-3\' and 5\'-ACU AGG GAC GUG GAG AUG UTT-3\') or si-NC provided by GenePharma, and the transfection reagent PepMute (Signagen) was used as instructed.

To overexpress the *Cxxc5* gene, NC- and Cxxc5-over plasmids were constructed by Miaoling Biotech and transfected into OCCM-30 cells by TurboFect (Thermo Scientific). OIM was applied 8 hours after transduction, and *P. gingivalis* was added together if necessary.

Chemicals and Antibodies
------------------------

Specific chemical inhibitors, including PD98059 for Erk 1/2 pathway, SB203580 for p38 pathway, and LY294002 for phosphoinositide-3-kinase (PI3K)-Akt pathway, were purchased from Selleck.

Antibodies for Osterix, OCN, bone sialoprotein (BSP), and β-catenin were purchased from Abcam. Antibodies for CXXC5, p-Erk1/2, total-Erk1/2, p-p38, total-p38, p-JNK, total-JNK, p-Akt, total-Akt were obtained from Cell Signaling Technology. The β-actin antibody was purchased from Proteintech.

RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qPCR)
-------------------------------------------------------------------------

Total RNA was isolated using TRIzol reagent (TaKaRa) and reverse transcribed to first-strand cDNA by PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa). The Applied Biosystems QuantStudio 6 was used to perform qPCR with SYBR qPCR Master Mix (Vazyme) in triplicate (amplification routine: 30 s at 95 °C, 10 s at 95 °C for 40 cycles, and 34 s at 62 °C). The primers for mouse *Il-6*, *MCP-1*, *RANTES*, *Osx*, *Bglap*, *Bsp*, *Cxxc5* and *Gapdh* (used as an internal control gene) were synthesized by Sangon Biotech (see Table [S1](#SM0){ref-type="supplementary-material"}). The relative fold change of gene expression was calculated according to the 2^-ΔΔCT^ value and normalized to *Gapdh*.

Western Blot Analysis
---------------------

Confluent cells were harvested using M-PER mammalian protein extraction reagent (Thermo Scientific) and pelleted by high-speed centrifugation at 4 °C before supernatant collection [@B25]. A total of 20-40 μg protein was separated onto a 10% or 12% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore). After 5% nonfat milk incubation for 1.5 hours, the membranes were immunoblotted separately with primary antibodies against Osterix (1:1000), OCN (1:500), BSP (1:1000), CXXC5 (1:1000), p-Erk1/2 (1:1000), total-Erk1/2 (1:1000), p-p38 (1:1000), total-p38 (1:1000), p-JNK (1:1000), total-JNK (1:1000), p-Akt (1:1000), total-Akt (1:1000), β-catenin (1:1000), and β-actin (1:15000; used as the internal control) overnight at 4 °C, followed by the corresponding secondary antibodies for an hour. The membranes were then detected with either the Enhanced Chemiluminescence Detection Reagents (Advansta) or the SuperSignal West Femto Trial Kit (Thermo Scientific) and exposed to the Odyssey LI-COR scanner.

Alkaline Phosphatase (ALP) Staining, ALP Activity Assay, and Alizarin Red Staining
----------------------------------------------------------------------------------

Cells were inoculated in six-well plates (3×10^5^ /well) and cultured in OIM upon sub-confluence. ALP staining was performed on day 4 of mineral induction with NBT/ BCIP (Beyotime), and images were taken. ALP activity assay was achieved by a kit from Nanjing Jiancheng, and data were calculated as instructed.

Cells were treated with 4% paraformaldehyde and 1% alizarin red solution (ARS; pH 4.2) on day 14. The mineral nodules were photographed and then dissolved in 10% cetylpyridinium chloride. Next, the absorbance was determined at 562 nm.

Immunofluorescence staining
---------------------------

Cells were possessed with 4% paraformaldehyde and permeabilized by 1% Triton X-100 for 15 minutes, 24 hours after inoculated onto the slides. The samples were incubated with normal goat serum for 1 hour at 37 °C and subsequently with rabbit anti-CXXC5 antibodies (1:800) overnight at 4 °C. Next, the slides were incubated with secondary antibodies conjugated to Cy3 (1:200; Beyotime) for 1 hour, and then with fluorescein isothiocyanate phalloidin (1:200; Yeasen Biotech) for 40 minutes. The nuclei were dyed with DAPI (ZSGB-BIO) for 2 minutes. A fluorescence microscope was used to observe and to photograph.

Hematoxylin and Eosin (H&E) Staining and Immunohistochemistry (IHC)
-------------------------------------------------------------------

Mouse mandibles were processed in standard procedures, including formalin fixation, decalcification, and paraffin embedding. The blocks were cut into 5- μm- thick sections, and the mesio-distal serial sections were used for H&E staining. For IHC, the sections were incubated with reagents of UltraSensitive SP IHC Kit (MXB Biotech) as instructed and with primary antibodies anti-Osterix (1:800) and anti-CXXC5 (1:400) overnight at 4 °C. The morphology of the periapical areas and cementoblasts were observed, and images were taken using a microscope.

Statistical Analysis
--------------------

All the experiments were performed thrice, separately. Data were analyzed by SPSS 16.0 and GraphPad Prism 8 and expressed as mean ± SD. First, Shapiro- Wilk and Kolmogorov- Smirnov tests were used to determine the normal distribution. Then, the*t*-test and One-way ANOVA were used to evaluate the statistical differences. Finally, statistical significance was marked with "\*" for P \< 0.05 and "\*\*" for P \< 0.01.

Results
=======

*P. gingivalis* induces inflammation and suppresses cementoblast differentiation
--------------------------------------------------------------------------------

First, when stimulated with *P. gingivalis* (multiplicity of infection \[MOI\] = 100) for 3, 6, 12, and 24 hours, increased levels of pro-inflammatory cytokines *Il-6*, *MCP-1*, and *RANTES* were observed, with a peak point of 3 hours (Fig. [1](#F1){ref-type="fig"}A and Fig. [S1](#SM0){ref-type="supplementary-material"}A). Meanwhile, the levels of osteogenic markers *Osx* and *Bglap* decreased in varying degrees (Fig. [1](#F1){ref-type="fig"}A). Next, *P. gingivalis* with different MOIs (0, 10, 100, 500) were given for 48 hours, the mRNA expression levels of *Il-6*, *MCP-1*, and *RANTES* raised gradually while those of *Osx* and *Bglap* fell steadily (Fig. [1](#F1){ref-type="fig"}B and Fig. [S1](#SM0){ref-type="supplementary-material"}B). Further, OCCM-30 cells were given OIM and *P. gingivalis* (MOI = 100) treatment for 0, 4, and 7 days, in which the *Il-6* expression was enhanced; however, the mRNA and protein levels of Osterix and OCN were declined sharply (Fig. [1](#F1){ref-type="fig"}C and [1](#F1){ref-type="fig"}D).

To elucidate *P. gingivalis* stimulation affect cementoblast mineralization *in vitro*, alizarin red staining was performed after a 2-week mineral induction, which displayed an evident inhibited effect (Fig. [1](#F1){ref-type="fig"}E). Further semi-quantitative analysis of ARS assays confirmed that mineral nodule formation was obviously suppressed by *P. gingivalis* treatment (Fig. [1](#F1){ref-type="fig"}F). These experiments support the notion that *P. gingivalis* was responsible for the enhanced inflammation and the reduced mineralization in cementoblasts.

CXXC5 increases during differentiation and decreases in *P. gingivalis*-suppressed OCCM-30 cells
------------------------------------------------------------------------------------------------

OCCM-30 cells were induced to osteogenic differentiation for 0, 4, 7, and 11 days to uncover the expression profile of CXXC5, and it revealed that CXXC5 increased gradually during cementoblast differentiation, along with bone-related markers Osterix and BSP (Fig. [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). Interestingly, following *P. gingivalis* infection for different time-lengths or with different MOIs, *Cxxc5* mRNA expression levels showed a significant tendency to decline (Fig. [2](#F2){ref-type="fig"}C and [2](#F2){ref-type="fig"}D). Further qPCR and western blotting confirmed that CXXC5 was upregulated in cementoblast differentiation process and downregulated under *P. gingivalis* invasion (Fig. [2](#F2){ref-type="fig"}E and [2](#F2){ref-type="fig"}F). Immunofluorescence staining revealed that CXXC5 was located in the nucleus of OCCM-30 cells and that after *P. gingivalis* treatment for 0, 1, and 3 hours, the fluorescence signals of CXXC5 dramatically weakened (Fig. [2](#F2){ref-type="fig"}G). Overall, *P. gingivalis* invasion could induce downregulation of CXXC5 in cementoblasts.

CXXC5 declines in *P. gingivalis*-aggravated apical periodontitis *in vivo*
---------------------------------------------------------------------------

As previously described, *P. gingivalis* was detected in the cementum-attached plaque region of periodontal lesions [@B26], as well as on the periapical root surfaces of apical lesions [@B2]. However, compared with periodontitis models wherein epithelial barrier allowed traces of bacteria to interact with interior cementoblasts, *P. gingivalis* mass was observed in apical areas when applied through root canal system [@B27]. Consequently, we chose to establish apical periodontitis (AP) models.

We set up the periapical periodontitis murine model successfully, where inflammatory cell accumulation could be clearly observed by H&E staining on day 14 (Fig. [3](#F3){ref-type="fig"}A). IHC staining showed that Osterix and CXXC5 were positive in cementoblast cells and ambient periodontal ligament cells. As expected, it showed a sharply reduced expression of Osterix and a slightly reduced expression of CXXC5 in cementoblasts in the following three groups: the healthy group, the AP group and the AP plus *P. gingivalis* group (Fig. [3](#F3){ref-type="fig"}B and [3](#F3){ref-type="fig"}C). The black arrows in the pictures indicate inflammatory cells and the red arrows indicate cementoblasts.

In summary, the *in vitro* and *in vivo* results forecast that CXXC5 may be indispensable in the regulation of cementoblast differentiation and mineralization.

CXXC5 mediates cementoblast differentiation, and CXXC5 overexpression partially attenuates *P. gingivalis*-suppressed effects
-----------------------------------------------------------------------------------------------------------------------------

To further explore the biological functions of CXXC5 during cementoblast differentiation, siRNA and plasmids were applied to obtain knockdown and overexpression effects, respectively. After si-NC and si-Cxxc5 were transfected for 24 hours, the cell growth medium was changed to OIM. Data displayed that the Osterix and OCN expression levels were downregulated on days 2 and 4, whereas CXXC5 showed a stable silence efficiency of approximately five folds (Fig. [4](#F4){ref-type="fig"}A and [4](#F4){ref-type="fig"}B). Similarly, after the NC- and the Cxxc5-over plasmids were transfected, the medium was changed with OIM containing *P. gingivalis* (MOI = 0 or 100). qPCR and Western bot analysis demonstrated that the CXXC5, Osterix and OCN expression levels were mitigated under *P. gingivalis* treatment and reversed by CXXC5 overexpression (Fig. [4](#F4){ref-type="fig"}E and [4](#F4){ref-type="fig"}F). Moreover, ALP activity assay and ALP staining confirmed that CXXC5 mediated the mineralization ability of cementoblasts (Fig. [4](#F4){ref-type="fig"}C, 4D, 4G, and 4H).

CXXC5 mediates cementoblast differentiation via complicated signaling network
-----------------------------------------------------------------------------

Next, we evaluated five different signaling pathways to explore the potential mechanisms. Among them, p-Erk1/2, p-p38, and p-Akt were significantly suppressed whereas β-catenin was obviously activated after CXXC5 silence, and a relatively stable p-JNK/ total JNK ratio was showed, compared with those in the si-NC group (Fig. [5](#F5){ref-type="fig"}A). The opposite results were achieved in the overexpression group (Fig. [5](#F5){ref-type="fig"}B), suggesting that MAPKs, PI3K-Akt, and Wnt may be vital during CXXC5-mediated cementoblast differentiation.

To validate whether CXXC5-dependent promotion of differentiation was achieved via these signals, we applied specific inhibitors of activated pathways under CXXC5 overexpression. The expression levels of Osterix, OCN, and BSP were examined (Fig. [5](#F5){ref-type="fig"}C and [5](#F5){ref-type="fig"}D), which indicated that the facilitation effects of CXXC5 were partially abrogated by p38 and PI3K-Akt inhibitors but were exacerbated by inhibiting Erk1/2 pathway. Herein, three common signals making up MAPKs network, exhibited contrasting and balanced effects on CXXC5-promoted cementoblast differentiation.

Discussion
==========

In our study, CXXC5 was regarded as a novel mediator of *P. gingivalis*-repressed cementoblast differentiation and mineralization. This research indicated that CXXC5 affected cementoblast functions, with MAPKs, PI3K-Akt, and Wnt signaling pathways involved (Fig. [6](#F6){ref-type="fig"}). Overall, this study suggested that overexpressing CXXC5 may be conducive in impaired cementum regeneration after *P. gingivalis* invasion.

Cementum, particularly cellular cementum with imbedded cementocytes, is a crucial part in the formation, repair, and regeneration of the periodontium. The bone-like structure covering the root serves as a solid barrier against oral bacteria invasion [@B28]. Cementoblasts, root lining cells, share similar features with osteoblasts, such as the expression of bone-associated markers, including Osterix, OCN, and BSP [@B29]. Previous studies by our group manifested many molecules generated during cementogenesis like osteogenic markers and microRNAs are beneficial for regeneration [@B25], [@B30]-[@B32]. Therefore, obtaining insights into tissue regeneration requires further understanding on the reconstruction of impaired cementum upon bacterial invasion.

In this study, *P. gingivalis*, rather than its components, such as LPS, was employed as a stimulating factor to cementoblasts. As a premise, *P. gingivalis* was detected deep in the cementum-attached plaque region of periodontal pockets and on the periapical root surfaces of apical lesions [@B2], [@B26]. Previous reports have exhibitd that *P. gingivalis* LPS regulates cementoblast functions, and thereby affects the inflammation-induced resorption of cementum [@B5], [@B6]. However, *P. gingivalis* consists of multiple pathogenic ingredients [@B33]. For instance, the presence of fimbriae greatly enhances adhesivity and aggressivity [@B34], [@B35]. Moreover, secreted gingipains notably modulates inflammatory cytokine production and thus causes destruction [@B36], [@B37]. Taken together, the total bacteria treatment could fully reveal its functional advantages and simulate pathological processes *in vivo*. In addition, different strains of bacteria caused damages ranging from small, localized abscesses to invasive, spreading infections [@B38].

Our experiment showed that *P. gingivalis* induced inflammatory responses in OCCM-30 cells and in animal models. Afterwards, the capacities of cementoblast to differentiate and mineralize were suppressed in this environment. However, the relevance of single virulence factor to cementoblast functions and their possible contribution to cementum impairment remain obscure.

CXXC‐type zinc finger protein 5, though short in length (322 amino acids), is capable of binding to DNA and serving as a regulator and coordinator of complex signaling pathways [@B16]. This protein modulates gene expression, cell proliferation, differentiation, and apoptosis in various cell types [@B8], [@B9], [@B11], [@B39]. Abnormal expression or activity of CXXC5 also results in immune response disorders [@B40], [@B41]. Intriguingly, previous studies have summarized that CXXC5 was involved in a sophisticated signaling network, being conducted while simutaneously regulating others [@B9], [@B10], [@B15], [@B42]. Among those signaling transduction processes, the Wnt/β-catenin signaling is closely correlated with and negatively regulated by CXXC5 [@B43] . In summary, we attempted to explore the precise functions of CXXC5 in cementoblasts under inflammatory stimulation and osteogenic induction and to further clarify its potential mechanisms.

In this study, CXXC5 displayed an expression pattern of a steady increase in cementoblasts similar with those in myoblasts and osteoblasts during differentiation [@B9], [@B11]. Furthermore, RNAi interference inhibited expressions of Osterix and OCN and ameliorated ALP activity while CXXC5 overexpression facilitated osteogenic differentiation and thereby attenuated the negative effects *P. gingivalis* exerted on cementoblasts. These findings indicate that CXXC5 plays an active part in *P. gingivalis*-induced inflammation and *P. gingivalis*-inhibited mineralization.

A total of five regular cell signaling profiles were evaluated as Erk1/2, p38, JNK, PI3K-Akt, and Wnt/β-catenin as the underlying mechanisms. As expected, β-catenin presented an opposite changing tendency to CXXC5, which confirmed CXXC5 served as a negative mediator of Wnt [@B43]. It is generally accepted that Wnt inhibit cementoblast differentiation [@B17], which makes sense in this situation. In addition, compared with control group, the other four vital signals were inactivated when CXXC5 was silenced and activated when CXXC5 was overexpressed separately. Those pathways are important for cell proliferation and differentiation; however, whether CXXC5 influenced cementoblast differentiation via all of them remains unsettled. Further investigation, such as the adoption of inhibitors or activators for more signaling pathways, is necessary to obtain a precise answer.

Our study demonstrated that CXXC5 enhanced the osteogenic differentiation of cementoblasts and thus partially attenuated the *P. gingivalis*-repressed effect, with implicated Erk1/2, p38, JNK, PI3K-Akt and Wnt/β-catenin signaling. These results reflect that CXXC5 functions as a positive modulator of *P. gingivalis*-suppressed cementoblast differentiation. CXXC5 may be effective as a therapeutic target for impaired cementum reconstruction and thus may achieve periodontium regeneration.
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![***P. gingivalis* induces inflammation and suppresses mineralization of the OCCM-30 cell line. (A)** OCCM-30 was co-cultured with or without *P. gingivalis* for 3, 6, 12, and 24 hours. *Il-6*, *Osx*, and *Bglap* levels were examined by qPCR. \*\* for intergroup difference between control and *P. gingivalis* treatment at the observing time-points. **(B)** *Il-6* expression was elevated while *Osx* and *Bglap* expressions were lowered with different *P. gingivalis* concentrations after a 48-hour osteogenic induction. The MOI 0 group was set as the control. **(C, D)** OCCM-30 with osteogenic induction and a simultaneous *P. gingivalis* co-culture for 0, 4, and 7 days.*Il-6*, *Osx*, and *Bglap* expressions were revealed by qPCR and Western blot analysis. **(E, F)** OCCM-30 with continuous *P. gingivalis* treatment or not were analyzed with ARS on day 14. 10% cetylpyridinium chloride was applied to dissolve mineral nodules, and the absorbance was determined at 562 nm. Pg, *P. gingivalis*. *Gapdh* or β-actin was adopted as an internal reference. The values are presented as mean ± SD, \*P \< 0.05, and \*\*P \< 0.01.](ijbsv15p1685g001){#F1}

![**CXXC5 increases during differentiation and decreases in *P. gingivalis*-suppressed OCCM-30 cells. (A, B)** The CXXC5 expression level was upregulated during cementoblast differentiation, together with Osterix and BSP, examined by qPCR and Western blot analysis. The day 0 group was set as the control. **(C)** OCCM-30 was co-cultured with or without *P. gingivalis* for 3, 6, 12, and 24 hours. *Cxxc5* expression level was determined by qPCR. \* and \*\* for intergroup difference between control and *P. gingivalis* treatment at the observing time-points. **(D)** *Cxxc5* expression decreased with different *P. gingivalis* concentrations after a 48-hour osteogenic induction. The MOI 0 group was set as the control. **(E, F)** OCCM-30 with osteogenic induction and simultaneous *P. gingivalis* co-culture for 0, 4, and 7 days. CXXC5 expression was revealed by qPCR and Western blot analysis. **(G)** Immunofluorescence of CXXC5 signals weakened in OCCM-30 cells after*P. gingivalis* stimulation for the indicated times. Pg, *P. gingivalis*. *Gapdh* or β-actin was adopted as an internal reference. The values are presented as mean ± SD, \*P \< 0.05, and \*\*P \< 0.01.](ijbsv15p1685g002){#F2}

![**CXXC5 declines in *P. gingivalis*-aggravated apical periodontitis *in vivo*. (A)** H&E staining showed the successfully established periapical periodontitis murine model and the inflammatory cell infiltration on day 14. **(B)** IHC staining displayed the expression of Osterix in the periapical areas of healthy and of AP-induced mice (with or without *P. gingivalis* invasion). **(C)** IHC staining displayed the expression of CXXC5 in the periapical areas of healthy and of AP-induced mice (with or without *P. gingivalis* invasion). The black arrows indicate inflammatory cells, and the red arrows indicated cementoblasts. Pg, *P. gingivalis*.](ijbsv15p1685g003){#F3}

![**CXXC5 knockdown suppresses cementoblast differentiation, and CXXC5 overexpression partially attenuates *P. gingivalis*-suppressed effects. (A, B)** Osterix and OCN expression levels were downregulated with CXXC5 under RNA interference and simultaneous OIM on days 2 and 4, examined with qPCR and Western blot analysis. **(C, D)** ALP activity assay and ALP staining on days 2 and 4, respectively, proved the impaired mineralization ability of cementoblasts with silenced CXXC5. **(E, F)** The CXXC5, Osterix, and OCN expression levels were mitigated under *P. gingivalis* treatment but reversed by CXXC5 overexpression, examined with qPCR and Western blot analysis. **(G, H)** ALP activity assay and ALP staining on day 4, proved that impaired mineralization caused by *P. gingivalis* was attenuated by CXXC5 overexpression. Pg, *P. gingivalis*. *Gapdh* or β-actin was adopted as an internal reference. The values are presented as mean ± SD, \*P \< 0.05, and \*\*P \< 0.01.](ijbsv15p1685g004){#F4}

![**CXXC5 mediates cementoblast differentiation via complicated signaling network. (A)** Erk1/2, p38, and PI3K-Akt were inactivated in varying degrees and β-catenin was significantly activated during the downregulation of CXXC5, shown by Western blot analysis. **(B)** Erk1/2, p38, and PI3K-Akt were activated and β-catenin was inactivated during CXXC5 upregulation, shown by Western blot analysis. **(C, D)** The Osterix, OCN, and BSP expression levels were enhanced under CXXC5 forced expression but reversed by p38 and PI3K-Akt pathway inhibitors, examined with qPCR and Western blot analysis. LY, LY294002, PI3K-Akt pathway inhibitor; PD, PD98059, Erk1/2 pathway inhibitor; SB, SB203580, p38 pathway inhibitor. *Gapdh* or β-actin was adopted as an internal reference. The values are presented as mean ± SD, \*P \< 0.05, and \*\*P \< 0.01 compared with the Cxxc5-over+DMSO group.](ijbsv15p1685g005){#F5}

![**Schematic illustration.** CXXC5 mediates *P. gingivalis*-suppressed cementoblast differentiation and mineralization, with MAPKs, PI3K-Akt, and Wnt signaling pathways involved. LPS: lipopolysaccharide; Fim: fimbriae; MD2: myeloid differentiation 2; CD14: cluster differentiation 14; TLR2: Toll-like receptor 2; TLR4: Toll-like receptor 4; FIMR: fimbrillin receptor.](ijbsv15p1685g006){#F6}
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